To describe the sequence of clinically apparent events causing readmission and antedating death, subsequent to a first-time hospital admission for heart failure, in order to give insights into the natural history and mechanisms of progression of heart failure.
Results 12 640 patients had first-time admissions with heart failure in 1992; their mean age was 74 years and 46·2% were men. A cohort of 2922 (23%) patients died on their first admission. Among the remaining 9718 patients there were 22 747 readmissions and 4877 deaths over the subsequent 3 years; only 15% had neither event reported. Nine per cent of patients died without any readmission and a further 6% without a further readmission for cardiovascular reasons. A cohort of 5992 (61% of patients at risk) had at least one cardiovascular readmission and half of these had occurred within 6 months. Heart failure without a report of any cardiovascular precipitating event was responsible for 37% (2188 patients) of first cardiovascular readmissions and of these patients approximately 12% had evidence of renal failure or acute respiratory infection as possible triggers for readmission. Acute ischaemic events including myocardial infarction (19%), myocardial infarction alone (8%) and atrial fibrillation (11%) were associated with a substantial number of first readmissions. First readmission precipitated by acute myocardial infarction was associated with a particularly poor prognosis (40% inpatient mortality).
Introduction
Hospitalizations for heart failure are rising in number [1] [2] [3] despite recent advances in treatment [4] [5] [6] [7] . Ageing of the population, improved primary and secondary preventive measures and an improvement in the prognosis of heart failure itself [8] will conspire to drive prevalence and therefore rates of readmission yet higher. Because of the enormous social, economic and private burden heart failure imposes, it is quite appropriate that a considerable research effort is being undertaken, from the perspectives of both basic and clinical science, in an attempt to understand the mechanisms underlying the progression of heart failure.
Over the last decade the concept that left ventricular remodelling, a term used to describe the progressive structural, molecular and functional adaptations of the heart in response to damage, is the key mechanism underlying the progression of heart failure has become popular. This view has developed on the basis of animal experiments [9] as well as observations on several small and a few large cohorts of patients after myocardial infarction [10, 11] , or with chronic heart failure [12] . However, these studies have also highlighted the possibility that recurrent ischaemic events may lead to repeated hospital admission and sudden or worsening heart failure deaths [13] [14] [15] [16] . In relatively small community studies [17, 18] arrhythmias are commonly recorded as a precipitating reason for hospital admission which contrasts with the relative rarity of such events in large clinical trials of heart failure [19, 20] . Ischaemic insults and supraventricular arrhythmias may be important pathways of heart failure progression: either directly or by contributing to the adverse remodelling process, by precipitating neurohormonal and cytokine activation, the induction of apoptosis, or by other mechanisms [21] [22] [23] .
The purpose of this report is to identify the sequence and to quantify the contribution of various clinically apparent events to recurrent admission for heart failure and as antecedents of death. To achieve this we used individual patient-linked data from a national database of first-time hospital admissions with heart failure. As approximately 80% of first diagnoses of heart failure in the U.K. occur at hospitalization [24] this approximates to an incident, epidemiologically representative population rather than a clinical trial population.
Methods
We used data from the Scottish Hospitals In-Patient Statistics (SHIPS) database [25] . An SMR 1 (standardized mortality record) form is generated on patient discharge, and diagnoses causing/precipitating hospital admission are entered on the SMR1 form. International Classification of Disease (ICD) diagnostic codes corresponding to these diagnoses are indexed by the local hospital coding department and the information is then transcribed to the SHIPS database. Hospitalization records for an individual patient are linked allowing a chosen index event to be tracked to previous and subsequent episodes. The data are also linked to statutory death records. The records provide information about age, gender, principal diagnosis and up to five other conditions coded to ICD 9 format for an admission and the principal cause and up to three other causes for death. The accuracy of ICD 9 coding for the principal diagnosis is 90%, and 77% for other diagnostic codes (1994 results) [26] . The system is maintained and controlled by the Information and Statistics Division (ISD) of the Scottish Health Service Common Services Agency.
The database was interrogated to identify patients with a first-time admission with heart failure to Scottish hospitals in 1992; this was the last year that allowed linkage for three prospective years at the time of analysis. The codes used for heart failure were ICD 9 codes 428·0, 428·1, 428·9 and 402·9, which correspond to congestive heart failure, left heart failure, unspecified heart failure and hypertensive heart failure, respectively. Patients who generated more than one SMR1 record during a single hospital admission (for example, because of transfers between departments) were counted as a single admission as this corresponds more closely to the clinical understanding of what constitutes an admission. First-time admissions with heart failure were defined as admissions coded for heart failure without a similar episode coded in the 3 years before the index admission. Previous analyses indicated that <0·1% of patients have admissions coded for heart failure >3 years apart [8] . Cases were censored for readmission or death on the third anniversary of their index event to ensure that all patients were exposed to the same period of risk for events.
To describe the likely aetiological causes of heart failure we captured hospital admissions in the 3 years prior to the index admission (1989) (1990) (1991) (1992) (Table 1) . We then identified readmissions and deaths, classified as in-or out-of-hospital, over the subsequent 3 years (1992-1995) . Previous reports have shown that the record linkage system is accurate in identifying these subsequent events [27] . A flowchart was constructed showing the sequence leading to the next two admissions or death. A hierarchical system was used to classify clinical reasons for readmissions on the flow chart. Possible reasons for readmissions leading to an exacerbation of heart failure were identified from previous publications [17, 18, [28] [29] [30] [31] . Atrial fibrillation/paroxysmal supraventrcular tachycardia, acute stroke, acute ischaemic event, acute myocardial infarction, hypertensive heart disease, renal failure or acute respiratory infection (ICD 9 coding for acute respiratory infection: 460-466 plus 480-90, codes for other diagnoses in Table 1 ) are common precipitating events for heart failure exacerbations. These diagnostic codes were defined as 'potential triggering events'. When these diagnoses were coded together with heart failure then it was assumed that the 'potential triggering events' had precipitated the readmission for heart failure. All 'potential triggering events' were considered co-dominant and therefore a single patient could be counted in a number of diagnostic categories. Readmission was attributed to heart failure in the flow chart only if the former codes were not present. Other diseases of the circulatory system (ICD 9: 390-459, excluding above codes) and readmission for other non-cardiovascular diagnoses (all other codes) represented a third and fourth tier, respectively, in this hierarchy.
To capture a 'fresh' acute ischaemic event rather than diagnostic codes relating to background ischaemic heart disease, codes for angina pectoris and chest pain (ICD 9 413 and 786·5 codes) were used in the acute ischaemic event box (angina pectoris/chest pain) of the flowchart and codes ICD 9 411 and 414 codes encompassing various mostly non-acute definitions of ischaemic heart disease were excluded. Diagnoses consistent with the latter codes are frequently inserted on a heart failure related admission to document the aetiology of heart failure or copied from previous admissions as a background disease, irrespective of the evidence of an acute ischaemic insult.
Results

Demography
There were 12 640 patients reported with a first admission for heart failure in 1992 (index population) coded in any of the six diagnostic positions (of ICD 9 coding, see methods), of which 5763 (46%) and 4378 (35%) were in the first and second positions, respectively. Of the ICD 9 heart failure codes used, 44% of the index population had code 428·1(left heart failure), 36% had 428·0 (congestive heart failure), 21% had 428·9 (unspecified heart failure) and 1% had 402·9 (hypertensive heart failure), and 2% had two of the above codes. Figure 1 describes the rates for first admissions with heart failure of the index population divided by age, gender and position of ICD 9 heart failure code. The population characteristics for Scotland were obtained from official government publications [32] . Hospitalization rates rose markedly with age. Numerically the largest number of admissions was among women aged d75 years, although rates of admission adjusted for the population at risk were fairly consistently higher in men.
The mean age of the population was 74 years and 46·2% were men. 2922 patients (23%) died during admission leaving 9718 at risk of readmission or out-ofhospital death.
Underlying causes of heart failure and concomitant diagnoses Table 1 shows the range of diagnostic codes prior to, at the time of index admission and on subsequent readmissions. 9970 of the index cohort had at least one admission in the prior 3 years. A code for any form of ischaemic heart disease was recorded in 3551 (36%) of these patients, (>50% of which were acute myocardial infarction codes) and 4662 patients had the IHD code recorded during concomitant admission, (6400 patients in total either previous to or on index admission, see Table 1a ). Diseases of the digestive system were the next most frequently reported before index admission. There were 1969 (15·6%) patients with a code for respiratory disease prior to index admission and 2833 patients (22%) had a respiratory disease code as a concomitant diagnosis, one-quarter of the latter were acute respiratory 
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infection codes (25%). Prior admissions with cancer and urinary tract problems occurred in 11% and 10% of the index population, respectively. Atrial fibrillation was recorded in 16% of patients either prior to or on the index admission, the equivalent figure for hypertension was 11%. Seven per cent of patients had codes relating to aortic and mitral valve disorders either on the previous or concomitant admission. Of the index population 10·5% had a code for diabetes mellitus before index admission or as a concomitant diagnosis (Table 1a) .
Overall, 5715 patients had no concomitant code for known aetiological conditions for heart failure on index admission (any code for ischaemic heart disease, hypertension, atrial fibrillation/paroxysmal supraventricular tachycardia, valvular heart disease, diabetes mellitus) and 4071 of these patients did not generate any of the above codes in the previous 3 years either, suggesting approximately 32% of the index population had an unknown aetiology for heart failure.
Cumulative diagnostic coding
By looking at the cumulative frequency of diagnostic codes we sought to differentiate between conditions leading up to heart failure from complications developing as a consequence of heart failure and potentially contributing to its progression. Table 1a shows the cumulative frequency of the diagnosis so that the right hand column reflects a diagnosis recorded at any time between 1989-95 for that number of patients. The percentage in the table is a percentage of 12 640 (index admission population) and, therefore, the magnitude of each event as well as the principal time period in which it occurred is given. In Fig. 2 the total number of *Previous and subsequent admission column refers to number of patients admitted at least once whereas subsequent admissions (italics) is number of admissions generated. † mean=column 6/column 5, the median number of readmissions for all diagnostic codes was 1 except for any cause and diabetes mellitus where it was 2. ‡ This row pertains to numbers of events (patients, readmissions or deaths) whereas the rows below this describe the number of codes for respective diagnoses generated in any position. § In previous admissions only the code 412 'Old myocardial infarction' is also included. 0 Heart failure alone was defined as a heart failure code without a concomitant code for the following; AMI, any IHD, stroke, AF, hypertension, aortic and mitral valve disease and diabetes mellitus. 
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patients having been coded for the listed events anytime between 1989-95 is defined as 100%. The 100% is subdivided in the multi-column bar chart according to the proportions of patients at each specified time period. A diagnosis of ischaemic heart disease was recorded at some time (1989-95) in 7350 (58%) patients (excluding codes for death) and in the great majority of these cases (50·6%) this was prior to or on the index admission. The pattern of recording of these events is as might be expected with conditions such as hypertension, diabetes and ischaemic heart disease generally antedating the onset of heart failure, atrial fibrillation and respiratory disease occurring prior to or concomitant with a diagnosis of heart failure while stroke and renal failure occurred after the onset of heart failure in a large percentage of patients. Figure 3 shows the number of patients readmitted and the total number of readmissions according to diagnostic discharge codes, per thousand population at risk (i.e. excluding deaths on the index admission). Table 1 for diagnostic codes; AMI is a subset of any IHD.
Readmissions 1992-1995
Population at risk 9718 (index admission survivors). =number of admissions; =patient admissions.
contrast, categorizes the index population according to concomitant or previous codes for heart failure associated diagnoses and describes the percentage of index admission survivors with cardiovascular admissions (1992-95), median length of stay per admission and the respective 3-year mortality for these cohorts, excluding deaths on index admission. The mean number of readmissions for survivors of the index admission was 3·1 (range 0-23). 1485 patients survived without any readmission and 2231 without a cardiovascular readmission over 3 years. Heart failure was the most common coding for readmission. 3719 patients had 6660 readmissions for heart failure (mean of 1·8 admissions/patient) over 3 years and these constituted 29% of the total number of admissions. Readmission for heart failure was particularly high in the early post-discharge period, 16% of index admission survivors were readmitted with heart failure within 90 days of discharge. Approximately 21% of heart failure readmissions were associated with a concomitant code for acute myocardial infarction, an acute ischaemic event (chest pain/angina pectoris) or atrial fibrillation/paroxysmal supraventricular tachycardia.
Ischaemic heart disease codes, as a group, were the second most frequent coded reason for readmission (6550 admissions in 3286 patients). Acute ischaemic event codes (acute myocardial infarction and chest pain/ angina pectoris) constituted almost 50% of the codes. Non-cardiovascular diagnostic codes, such as respiratory disease and diseases of the digestive system figured frequently as a cause of readmission (Fig. 3) .
Survivors of the index admission who had diabetes mellitus, any ischaemic heart disease code, atrial fibrillation, hypertensive heart disease or renal failure coded either in the index or a previous admission had a significantly higher rate of cardiovascular readmission compared with the index admission survivors as a whole. Those with previous or concomitant renal failure, diabetes mellitus, acute stroke, respiratory disease or atrial fibrillation codes suffered a significantly greater mortality. Acute stroke patient subsets had significantly longer lengths of stay in hospital (Table 1b) .
Death
Three-year mortality for the index population (Table 2) was 62% (7799 deaths), 52% for those <75 years and 70% for those d75 years (P<0·001 for age difference). Of these, 2922 deaths occurred on the index admission, 867 patients died after the index admission but before readmission and 535 patients died subsequent to only non-cardiovascular readmissions. Of the index admission survivors, 4877 (50%) subsequently died over 3 years and 2087 (43%) of these deaths occurred out of hospital. The median (IQR) time to death during index admission was 9 days (2-25) and that for discharge to out of hospital death without subsequent readmission was 100 days (18-345), 46% of these deaths occurring within 90 days of discharge. Figure 4 illustrates time from discharge from last hospital admission to death for all the 2087 deaths occurring out of hospital. The risk of death was highest early after hospital discharge, 25% of all out of hospital deaths had occurred by 16 days after last hospital discharge. Age, gender or cause of last admission did not explain the skewing the incidence of death towards an early post-discharge period. Figure 5 describes the coded reasons for next hospitalization after index admission (according to the criteria in the methods section). Second hospitalizations are also shown for larger cohorts.
Sequence of events
Of the total at risk, 6093 patients (63%) had at least one cardiovascular readmission or admission with acute respiratory infection or renal failure. Of these patients an acute ischaemic event code (defined as code for chest pain or angina pectoris) was reported in 656 patients (7% of patients at risk), 61 (9%) of whom subsequently died on or after discharge without readmission. A further acute ischaemic event was also the commonest reason for readmission in this subset of patients. Heart failure readmission in the absence of a clinical trigger (concomitant first rank codes excluded) accounted for only 15·7% of second readmissions in this subgroup. The number of patients with acute myocardial infarction causing first cardiovascular readmission is also shown, nearly 50% patients in this cohort died during admission or subsequent to discharge without a second readmission.
Atrial fibrillation was reported at the time of first cardiovascular readmission in 680 patients, in 307 (45%) cases this was the first report of atrial fibrillation. The vast majority of this subgroup had code 427·3, atrial fibrillation (97·5%) compared to only 2·5% for paroxysmal supraventricular tachycardia. These patients had a better prognosis during and after readmission; only 20% died during or subsequent to a first cardiovascular readmission compared with 30% during or subsequent to all first cardiovascular readmissions (P<0.001). However, the next admission in this cohort was associated with stroke in 5% of the patients at risk of an event (survivors of first readmission with atrial fibrillation code).
Heart failure without any reported triggering event (no concomitant first rank code) was coded as the reason for first cardiovascular readmission in 1931 patients (20% of patients at risk), 575 of whom died during admission or prior to a further readmission. 205 of the surviving patients (13% of at risk population) were subsequently readmitted with an acute ischaemic event, acute myocardial infarction or atrial fibrillation and 522 (33% of at risk population) with heart failure in the absence of a potential triggering event.
Renal failure was reported in 6·2% (380 patients) of all first readmissions (cardiovascular, renal failure or respiratory infection codes) and of these admissions heart
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failure was the sole cardiovascular code in 149 patients (39%). The equivalent figures for acute respiratory infection was 6·5% (399 patients) of first readmissions and 112 (28%) of these patients had heart failure as a sole cardiovascular code. The most frequent diagnoses for second readmissions were heart failure in the absence of a concomitant potential triggering event code (933 patients), an acute ischaemic event or acute myocardial infarction (540) and atrial fibrillation (361).
Discussion
The present study identifies key clinical events associated with readmission or antedating death from a large database of first-time admissions with heart failure. The relative magnitude and sequence of these events provides an insight into the clinical progression of heart failure.
Among the 9718 patients who survived the index admission there were 22 747 readmissions and 4877 (50%) deaths over the following 3 years. Ischaemic heart disease was the dominant cause of heart failure and 16% (n=2039) of first admissions with heart failure were associated with acute myocardial infarction and a further 13% had had an admission for acute myocardial infarction within the past 3 years (Table 1a ). The single most common triggering event for first and subsequent readmissions was an acute ischaemic event or a myocardial infarct (Fig. 5) . Once a patient had been admitted with an acute ischaemic event this remained the dominant reason for readmission. This is despite restricting codes for acute ischaemic events to chest pain/angina * Median times for deaths during readmission are calculated from admission date, whereas for out-of-hospital deaths median time refer to time to death from discharge of preceding admission. Deaths over 3 years (last two rows) are from index admission discharge. 
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pectoris. Whilst this may underestimate the contribution of acute ischaemic episodes to first readmissions it is likely to represent a truer picture compared to including ICD 9 codes 411 and 414 codes as well as other acute and subacute forms of ischaemic heart disease and other forms of chronic ischaemic heart disease. The latter codes would largely represent background ischaemic heart disease rather than a fresh event. (When incorporating all four ischaemic heart disease codes, first readmission increased to 2597 patients, as defined in the flowchart). Although we cannot similarly differentiate acute hypertensive crisis precipitating admission from background or 'burnt out' hypertension in the flowchart the potential contribution of hypertension to precipitating readmission is far less in magnitude.
Those patients who were hospitalized with acute myocardial infarction, subsequent to first heart failure admission, had a particularly poor prognosis, as has been noted by others [13, 14] . Atrial fibrillation contributed to a smaller but still significant proportion (11%) of first readmissions (potential triggering event codes, heart failure and other cardiovascular disease). It is unclear what role atrial fibrillation played in precipitating readmission, but 45% of these patients had no previous report of atrial fibrillation. Preliminary reports of patients from clinical trials suggest that atrial fibrillation is associated with <5% of first readmissions [20] . However, in some case series of hospital admissions the proportion of patients with atrial fibrillation acting as a trigger for heart failure exacerbation is in the order of 20% [17, 28] . The true figure is likely to be closer to the latter studies, as atrial fibrillation is undercoded (unpublished data) and therefore likely to be underestimated in this study, perhaps because it may be seen, by some, as a condition of secondary importance to a major diagnosis such as heart failure. However, atrial fibrillation may be the principal reason for heart failure deterioration either by causing a tachycardiomyopathy [33] or because the stress of tachycardia and loss of atrioventricular synchrony reveals underlying disease. The prognosis of first cardiovascular readmissions with atrial fibrillation was better than the overall population suggesting, perhaps, that many patients did not have major underlying left ventricular systolic dysfunction and that heart failure may have resolved with control of the arrhythmia. Others have noted that atrial fibrillation confers a worse prognosis among patients with heart failure [34, 35] although this has not been consistent across studies. We cannot be certain from our data-set what proportion of patients had acute onset or paroxysmal atrial fibrillation compared with those with chronic atrial fibrillation.
However, atrial fibrillation was associated with an increased risk of stroke: 10% of patients with either a previous or concomitant code for atrial fibrillation suffered an acute stroke over 3 years compared with 6% for the whole index population.
Concomitant codes for heart failure were listed in first readmissions in 20-50% of all patients with a potential triggering event code, mainly in the first or second coding position, suggesting a high rate of clinically overt heart failure deterioration.
Although acute ischaemic events and atrial fibrillation may be the most important clinical events contributing to the progression of heart failure, in a substantial proportion of first readmissions (31%) (Fig. 5) heart failure was coded in the absence of potential triggering events. These cases may truly reflect the contribution of progressive ventricular remodelling. However, even in this subset, almost a quarter of second readmissions were reported to have an acute ischaemic or arrhythmic triggering event (Fig. 5) .
Death
The mortality in this cohort of patients is considerably worse than that reported from clinical trials in patients with chronic, stable heart failure but very similar to that reported in epidemiological studies of incident heart failure [5, 6, 8, 36, 37] . Although available to us (both inpatient and out of hospital) we did not incorporate codes for death in this analysis. There is considerable evidence that the cause of death recorded on death certificates is unreliable (in comparison, hospital discharge coding appears relatively reliable) [38, 39] . Furthermore, in Scotland, as in other countries, reporting death as sudden or due to heart failure on death certificates is discouraged and such deaths are frequently reported, without supporting evidence, such as myocardial infarction [40, 41] . This is consistent with this dataset; 41% of outpatient deaths had a primary code for acute myocardial infarction compared with 21% for inpatient deaths.
A substantial proportion of deaths occurred out of hospital (27% of all deaths) with an especially high-risk of death shortly after last hospital discharge. Most of these are likely to fulfil common definitions of sudden death [16, 42] . However, death in these patients may not be primarily arrhythmic [43] . Preliminary results from the ATLAS trial [44] reveal that myocardial ischaemia is indeed a frequent trigger for sudden death in heart failure both in the presence and absence of documented ischaemic heart disease.
The high risk of out of hospital death so soon after discharge suggests that better risk stratification for sudden death is needed, as is further research into triggers and mechanisms of death in heart failure.
Non-cardiovascular disease
Another insight from the present study is the contribution that non-cardiovascular morbidity makes to admissions or death. Gastro-intestinal and respiratory disease and cancer made a significant overall contribution to readmissions (Fig. 3, Table 1 ). Renal failure and acute respiratory infection triggered a substantial minority of first readmissions (Fig. 5) suggesting non-cardiovascular disease may also drive the progression of heart failure. Improved treatment of acute heart failure may prevent the development of secondary organ dysfunction such as renal failure [45] (Fig. 2) , which is associated with a particularly poor prognosis. There is also some evidence to suggest that angiotensinconverting enzyme inhibitors can reduce the risk of respiratory infection [46] . Diabetes mellitus could be responsible, in part, for rising hospital admissions with heart failure in the future [47] . Treating heart failure well may make these other conditions more tolerable, but these problems will often require treatment in their own right.
Previous literature
Preliminary reports from cohorts of patients with heart failure selected for inclusion in randomized controlled trials suggest that ischaemic events account for about 10% of readmissions and that arrhythmias make a much smaller contribution [19] . However these populations have generally been younger, with chronic (>90 days) stable heart failure and with left ventricular systolic dysfunction and may have under-reported triggering events for worsening heart failure or death.
Observational cohorts analysing precipitating factors for heart failure readmission have described inconsistent results. The variability between case series is probably due to a narrow patient population; single secondary [17, 48] or tertiary centre hospital settings [28] , analysis of certain age groups [49] or NYHA classes [28] , and exclusion of first-time admissions with heart failure [17, 48] and also the effect of racial group is likely to have influenced results in some studies [17] .
Implications for treatment
ACE inhibitors, beta-blockers and spironolactone have been shown to reduce recurrent hospitalization and mortality in patients with heart failure, yet the mechanism of their benefit remains elusive [4, 5] . Each can probably affect ventricular remodelling favourably, but ACE inhibitors [13, 15, 50] , beta-blockers [6, 51, 52] and spironolactone [53] probably also reduce reinfarction and/or arrhythmias and these could be their dominant mechanisms of benefit. Whilst these data cast doubt on ventricular remodelling as the sole factor driving the progression of heart failure this does not necessarily diminish its significance. Ventricular remodelling, myocardial ischaemia and arrhythmias may represent different aspects of a 'vicious matrix' in heart failure. Progressive ventricular remodelling could precipitate arrhythmias, including atrial fibrillation, and myocardial ischaemic syndromes could contribute to remodelling and tachyarrhythmias.
If ischaemic events and supraventricular arrhythmias are important pathways for progression, this suggests that we may need new strategies to reduce readmissions in patients with heart failure. Some Class III antiarrhythmic agents [54] [55] [56] [57] help to maintain patients with heart failure in sinus rhythm; much more research into effective strategies for the prevention and management of atrial fibrillation are required. Unfortunately patients with heart failure are usually excluded from trials of agents investigating coronary events. Only now are trials of antithrombotic agents [58] and statins being set up in patients with heart failure to evaluate their risks and benefits.
